Molybdenum (Mo) is a micronutrient essential for plant growth, as several key enzymes of plant metabolic pathways contain Mo cofactor in their catalytic centres. Mo-containing oxidoreductases include nitrate reductase, sulphite oxidase, xanthine dehydrogenase, and aldehyde oxidase. These are involved in nitrate assimilation, sulphite detoxification, purine metabolism or the synthesis of abscisic acid, auxin and glucosinolates in plants. To understand the effects of Mo deficiency and a mutation in a molybdate transporter, MOT1, on nitrogen and sulphur metabolism in Arabidopsis thaliana, transcript and metabolite profiling of the mutant lacking MOT1 was conducted in the presence or absence of Mo. Transcriptome analysis revealed that Mo deficiency had impacts on genes involved in metabolisms, transport, stress responses, and signal transductions. The transcript level of a nitrate reductase NR1 was highly induced under Mo deficiency in mot1-1. The metabolite profiles were analysed further by using gas chromatography time-of-flight mass spectrometry, capillary electrophoresis time-of-flight mass spectrometry, and ultra high performance liquid chromatography. The levels of amino acids, sugars, organic acids, and purine metabolites were altered significantly in the Mo-deficient plants. These results are the first investigation of the global effect of Mo nutrition and MOT1 on plant gene expressions and metabolism.
Introduction
Molybdenum (Mo) is essential for almost all living organisms including plants. Mo deficiency has been reported in various crops in the world, especially on acid soils, while Mo toxicity rarely occurs under field conditions. The common symptoms of Mo deficiency include general yellowing of the leaves, stunted growth, and rolling, curling, and scorching of the leaf margins and, in most cases, they are similar to the symptoms of nitrogen deficiency (Gupta, 1997) .
Mo takes various chemical forms in soils such as molybdenite (MoS 2 ) or ferrimolybdite [Fe 2 (MoO 4 ) 3 ], and is taken up by plants through the membrane transporters in the dissolved form as molybdate (MoO 4 2À ). Molybdate is then used for the biosynthesis of a pterin-based Mo cofactor (Moco). Mo is enzymatically inserted into a metal-binding pterin (MPT), replacing the copper (Cu) ion bound to the dithiolate sulphur (Schwarz et al., 2009) . The insertion of Mo into MPT is catalysed by CNX1, which is associated with the actin filaments (Schwarz et al., 2000) . MPT is synthesized from guanosin-5'-triphosphate (GTP) via cyclic pyranopterin monophosphate (cPMP), using S-adenosylmethionine (SAM) and mitochondrial Fe-S clusters (Schwarz and Mendel, 2006) .
Moco is a component of some oxidoreductases such as nitrate reductase (NR; EC 1.6.6.1), sulphite oxidase (SO; EC 1.8.3.1), xanthine dehydrogenase (XDH; EC 1.2.1.37), and aldehyde oxidase (AO; EC 1.2.3.1). These are the only Mo-containing enzymes found so far in plants, and are divided into two groups. One is NR and SO, and the other is XDH and AO, as Moco is sulphurated before the insertion into XDH or AO by MoCo sulphurase ABA3 (Bittner et al., 2001) . Recently, Moco binding proteins (MoBPs) have been found in the model plant Arabidopsis thaliana, and they are involved in the cellular distribution of Moco (Kruse et al., 2010) .
Moco is highly conserved among eukaryotes, eubacteria, and archaebacteria. Other Mo-containing enzymes have been found in those organisms and they also catalyse basic metabolic reactions in the nitrogen, sulphur, and carbon cycles (Kisker et al., 1997) . Some organisms utilize tungsten (W) instead of Mo, and both molybdate and tungstate (WO 4 2À ) are analogues of sulphate (SO 4 2À ) like selenate (SeO 4 2À ) or chromate (CrO 4 2À ). Bacterial nitrogenase involved in nitroten fixation is another Mo-containing enzyme with iron-Mo cofactor (FeMo-co) (Schwarz et al., 2009) .
NR is localized in the cytosol and catalyses the reduction of nitrate into nitrite. Nitrite is reduced into ammonium by nitrite reductase (NiR) located in plastids, and the ammonium is further assimilated into amino acids via the GS-GOGAT cycle. As NR is the primary enzyme in the nitrate assimilation pathway, Mo deficiency often leads to nitrogen deficiency in plants.
SO is localized to the peroxisome and oxidizes toxic sulphite into sulphate, in the opposite way to the reductive sulphate assimilation that occurrs in plastids (Nowak et al., 2004) . XDH is needed for purine degradation in nitrogen metabolism and can generate reactive oxygen species (ROS) (Yesbergenova et al., 2005; Nakagawa et al., 2007) and AO is involved in the synthesis of abscisic acid (ABA), auxin, glucosinolates, and, possibly, other compounds in plants (Seo et al., 1998; Ibdah et al., 2009) .
In A. thaliana, a molybdate transporter MOT1 was identified to play an important role in efficient Mo uptake from soils (Tomatsu et al., 2007; Baxter et al., 2008) . MOT1 was previously named as SULTR5;2, a member of the sulphate transporters (Hawkesford, 2003) . There are 14 members of sulphate transporters in A. thaliana, divided into five groups. Only the fifth group of sulphate transporters that includes MOT1 lacks the conserved C-terminal STAS (sulphate transporter and anti-sigma factor antagonist) domain, which is important for the transporter activity (Shibagaki and Grossman, 2004) . Group 1, 2, and 3 sulphate transporters are localized to the plasma membrane, whereas group 4 sulphate transporters are localized to the tonoplast membranes (Kataoka et al., 2004b) . MOT1 is shown to be a high-affinity molybdate transporter localized to the membranes including plasma membranes, or to the mitochondrion (Tomatsu et al., 2007; Baxter et al., 2008) .
To study the general effect of Mo deficiency in plants, transcriptomic and metabolomic approaches were used with A. thaliana mot1-1, a T-DNA inserted mutant with reduced Mo accumulation in both the roots and shoots (Tomatsu et al., 2007) . It was found that Mo deficiency affects plant nitrogen and sulphur metabolisms, in a manner different from nitrate or sulphate limitation.
Materials and methods

Plant materials and growth conditions
Arabidopsis thaliana wild-type, ecotype Col-0 (referred to hereafter as WT) and a T-DNA inserted mutant, mot1-1 (Tomatsu et al., 2007) were grown in Mo-deficient hydroponic solutions and the seeds from the Mo-deficient plants were used in this study. Seeds were surface-sterilized in 15% bleach for 10 min, washed five times with distilled water, and placed at 4°C for 4 d. MGRL solutions (Fujiwara et al., 1992) were prepared without Mo (ÀMo), and the Mo solution was added to 170 nM for the control (+Mo) media as described previously (Tomatsu et al., 2007) . The media contain 7 mM nitrate and 1.5 mM sulphate. For the preparation of solid media, 1% sucrose and 1.2% gellan gum (Wako, Osaka, Japan) were added before autoclaving. Plants were grown for 18 d on the solid media at 22°C under a 16/8 h light/dark cycle in the growth chambers (NK system LPH-220S, Nihon-ika Co., Ltd., Osaka, Japan) and harvested about 10 h after the beginning of the light period.
Analysis of Mo concentration
Whole shoots were harvested and their Mo concentration was determined by inductively coupled plasma mass spectrometry (ICP-MS) as described previously (Takano et al., 2001 (Takano et al., , 2002 .
Transcriptome analysis
Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) from 18-d-old shoot and root samples of WT and mot1-1 plants grown under +Mo or ÀMo conditions. Microarray analysis was performed using Affymetrix (Santa Clara, CA) ATH1 GeneChips following the manufacturer's protocol, and repeated three times using independent biological replicates. The signal intensities were normalized by median per chip and the logarithmic values were used for the calculation of the significant differences (P <0.05, Student's t test). A cut-off value of a 2-fold change in total was adopted to discriminate expression of genes differentially changed in response to Mo deficiency. Only those transcripts that were declared 'Present' or 'Marginal' in all three experiments on at least one side of the comparison were taken into account. The AGI codes and gene descriptions for the probe sets were according to TAIR website (http://www.arabidopsis.org/).
Targeted analysis of metabolites
For the measurement of the inorganic ion concentrations, whole shoots were harvested and frozen in liquid nitrogen before extraction. Frozen tissues (approximately 50 mg fresh weight) were homogenized in ten times volumes of 80% ethanol using the mixer mill MM300 (Retsch, Haan, Germany) and zirconia beads, and vacuum-evaporated at 38°C to dryness. The dried samples were reconstituted in ten times volumes of milli-Q water (Millipore, Billerica, MA), vortexed for 10 min, and ultrafiltrated through a 0.22 lm pore filter (Millipore, Billerica, MA). The filtrates were diluted 10-fold in milli-Q water and the ion concentrations were determined using a Hewlett-Packard HP 3D capillary electrophoresis photodiode array detection system and an inorganic anion analysis kit (Agilent Technologies, Santa Clara, CA) according to the manufacturer's protocol. Four biological replicates for each treatment were used for analysis.
For the measurement of the amino acid concentrations, whole shoots were dried in the same way as for the analysis of inorganic ions, then reconstituted in four times volumes of 10 mM HCl, vortexed for 10 min, and ultrafiltrated through a 0.22 lm pore filter (Millipore, Billerica, MA). The filtrates were immediately used for the reaction with an AccQ-Fluor reagent kit (Waters, Milford, MA) . Ten ll of the filtrate was mixed with 10 ll of AccQFluor borate buffer, and 5 ll of AccQ-Fluor reagent solution was added, then vortexed immediately for 10 s. The mixture was incubated at 55°C for 10 min, and centrifuged at 14 000 g at 4°C for 5 min. The supernatants were placed into glass vials and 2 ll of the sample was applied to the ACQUITY UPLC system (Waters, Milford, MA) and separated on ACQUITY UPLC BEH C18 column (u 2.1350 mm). Solvent A (0.2% acetic acid, 0.1% dibutylamine, pH 5.02 with NH 4 OH) and solvent B (55% acetonitrile) were used for elution at 0.5 ml min À1 at 40°C and metabolites were detected by an ACQUITY UPLC tunable UV detector at 250 nm. The gradient program was as follows: 100-96.0% solvent A (0-0.1 min, curve 6), 96.0-92.5% solvent A (0.1-2.0 min, curve 6), 92.5-60.0% solvent A (2.0-7.5 min, curve 7), 60.0-40.0% solvent A (7.5-8.0 min, curve 6), 40.0% solvent A (8.0-9.5 min), 40.0-100% solvent A (9.5-9.6 min, curve 6), 100% solvent A (9.6-10 min). The remaining portion of solvent A was solvent B. For standards, the amino acid mixture standard solution, type H (Wako, Osaka, Japan) was diluted and the standard solution for Gln, Asn, Trp, O-acetylserine (OAS), and homoserine were prepared separately before use. The chromatography data were analysed using Empower software (Waters, Milford, MA). Eight biological replicates for each treatment were used for analysis.
Metabolites were also analysed by capillary electrophoresis timeof-flight mass spectrometry (CE-TOF/MS) as described previously (Watanabe et al., 2008) . In each analysis, 10 biological replicates were used.
Non-targeted analysis of metabolites Whole shoot samples were harvested (approximately 50-150 mg fresh weight) and frozen in liquid nitrogen. Each sample was extracted and analysed by gas chromatography time-of-flight mass spectrometry (GC-TOF/MS) as described previously (Kusano et al., 2007a, b) . Orthogonal projections to latent structuresdiscriminant analysis (OPLS-DA) (Bylesjo et al., 2006; Trygg et al., 2007) were performed using SIMCA-P 12.0 software (Umetrics AB, Umea, Sweden). In each analysis, 10 biological replicates were used.
Results
Experimental design and plant Mo concentration measurements
Throughout the experiments for transcriptome and metabolome analysis of plants under Mo deficiency, samples of A. thaliana grown on solid media, with or without 170 nM Mo supply (+Mo and -Mo) for 18 d, were used. The mot1-1 mutant showed yellow leaves and retarded growth under -Mo conditions, and those phenotypes were not observed under +Mo (Fig. 1A, B, C) . WT (Col-0) plants showed curled leaves under -Mo (Fig. 1A) , indicating Mo deficiency, although the fresh weights were not significantly decreased compared with the +Mo condition in shoots and roots (Fig. 1B, C) . Mo accumulation in plants was measured, and the reduction of Mo in mot1-1 plants was confirmed in shoots and roots (Fig. 1D, E) . The pattern of Mo concentrations was similar to that of the previous report (Tomatsu et al., 2007) . Concentrations of Mo in plants grown without a Mo supply were less than 5% of those grown with 170 nM Mo, in both the shoots and roots of WT and mot1-1 (Fig. 1D, E) .
Identification of Mo-responsive genes
Affymetrix ATH1 microarrays were used to examine the effects of Mo deficiency in plants on gene expressions. To assess the reproducibility, the raw data of the signal intensities were compared among the three replicates by comparing the highest and the lowest data among the three replicates. In the case of the control plants (WT +Mo), the number of genes with more than a 2-fold variation, i.e. the highest value was more than twice that of the lowest value, was 7094 and 5446 genes in shoots and roots, respectively, accounting for approximately 31% and 24% of the total probe sets. The numbers of genes with more than 2-fold variations were in similar ranges in other samples. It is considered that our microarray analysis had reasonable reproducibility.
The analysis of gene expression altered by Mo deficiency or by the mot1-1 mutation is summarized in Table 1 . The expression of 187 genes, accounting for 0.8% of the total probe sets, was increased in mot1-1 shoots under ÀMo by more than 2-fold of the average expression levels compared with the +Mo conditions, with significant differences (P <0.05, Student's t test), and nine genes were increased in mot1-1 roots (Tables 1, 2 ). In mot1-1 roots, gene expression of a member of PHO1 (At1g68740) and a plant defensin gene, PDF2.1 (At2g02120) was induced under Mo deficiency (Table 2) , implying alterations in phosphate metabolism and the plant defence response.
Three genes were commonly induced in roots and shoots in mot1-1, which encoded a nitrate reductase NR2 (At1g37130), a sulphate transporter SULTR3;5 (At5g19600), and a mitochondrial flavoprotein subunit of the succinate dehydrogenase complex, SDH1-2 (At2g18450) ( Table 2) . SDH catalyses the oxidation of succinate to fumarate in both the TCA cycle and the electron transport chain. In our experiments, the SDH1-2 gene was expressed at a low level in WT and under +Mo conditions in mot1-1 in both the roots and shoots as described by Figueroa et al. (2002) , but significantly induced under ÀMo condition in mot1-1 (Table 2) .
Transcript accumulation of a gene encoding a MYB family transcription factor (At3g25790), a nitrate reductase NR1 (At1g77760), and a nicotianamine synthase NAS1 (At5g04950) was increased approximately 30-40-fold under Mo deficiency in mot1-1 shoots ( Table 2 ). The roles of the MYB transcription factor (At3g25790) and NAS1, strongly induced under Mo deficiency, are not yet understood. Nicotianamine is a chelator of metals synthesized from SAM and is possibly involved in the internal metal transport of, for example, Fe or Cu. Transcript accumulation of other metal-related genes encoding a metallothionein MT-1C (At1g07610) and a metal transporter ZIP7 (At2g04032) was increased 8-fold and 4-fold in mot1-1 shoots, respectively (Table 2) . Metallothionein is a cysteine-rich, Cu ion binding protein required for heavy metal tolerance. These results suggest that the metabolism and distributions of metals may be changed in response to Mo deficiency.
Expression of 39 genes was increased more than 5-fold in response to Mo deficiency in mot1-1 shoots (Table 2) , and those genes included SDH1-2, SULTR3;5, asparagine synthase ASN2 (At5g65010), glucose-6-phosphate 1-dehydrogenase G6PD3 (At1g24280), high-affinity nitrate transporter NRT2.3 (At5g60780), beta-fructosidase BFRUCT3 (At1g62660), 2-isopropylmalate synthase ISM2 (At5g23020), and the glucose-6-phosphate transporter GPT2 (At1g61800), involved in the metabolism and transport of carbon, nitrogen, and sulphur.
In addition to NRT2.3, transcript accumulation of a high affinity nitrate transporter NRT3.1 (At5g50200) and a nitrate transporter NRT1.5 (At1g32450) involved in root-toshoot nitrate transport (Lin et al., 2008) was increased in mot1-1 shoots under Mo deficiency by 3.1-fold and 2.1-fold, respectively (Table 2 ). In roots, transcript accumulation of two genes encoding a high affinity nitrate transporter NRT2.6 (At3g45060) and a nitrate transporter NTP2 (At2g26690) in mot1-1 was decreased under Mo deficiency to less than 50% of those under +Mo (see Supplementary  Tables S2 and S3 at JXB online).
In WT, the expression of four genes was increased in shoots and that of four genes was increased in roots under ÀMo compared with +Mo conditions (Table 2) . One gene encoding a calmodulin-binding protein (At1g73805) was commonly induced in WT and mot1-1 in shoots by Mo deficiency (Table 2) . Under ÀMo conditions, the expression of 123 genes was increased in shoots in mot1-1 compared with WT and that of two genes was increased in roots (see Supplementary Table S1 at JXB online). Among the 123 genes induced in shoots in mot1-1 compared with the WT, 86 genes, accounting for 70%, were in common with the 187 genes induced in mot1-1 shoots by Mo deficiency (Tables 1, 2;  see Supplementary Table S1 at JXB online). Under +Mo conditions, the expression of four genes was increased in mot1-1 shoots and that of 11 genes was increased in mot1-1 roots compared with WT (see Supplementary Table S1 at JXB online).
The expression of 203 and 96 genes was decreased in mot1-1 under ÀMo conditions in shoots and roots, respectively, to the level of less than 50% of that under +Mo conditions (see Supplementary Table S2 at JXB online). Only one gene encoding a serine carboxypeptidase SCPL13 (At2g22980) was commonly depressed in roots and shoots in mot1-1 (see Supplementary Table S2 at JXB online). In the WT, the expression of four and two genes was decreased in the shoots and roots, respectively, under ÀMo conditions (see Supplementary Table S2 at JXB online). Under +Mo conditions, the expression of 129 and 63 genes was depressed in mot1-1 shoots and roots, respectively, compared with WT (see Supplementary Table S3 at JXB online). Under +Mo conditions, the expression of only two genes was depressed in mot1-1 shoots and no gene was depressed in mot1-1 roots compared with WT (see Supplementary  Table S3 at JXB online). In total, the transcript changes in WT are smaller than those in mot1-1, and those in roots are smaller than in shoots (Table 1) .
Expressions of genes related to Moco
From the transcriptome analysis, it was found that mRNA accumulation of NR1 and NR2 were both increased by Mo deficiency in mot1-1, whereas that of SO (At3g01910) was decreased (Fig. 2) . The expression of genes encoding other Moco-containing enzymes, XDH1/XDH2 (At4g34890/ At4g34900), AAO1 (At5g20960), AAO2 (At4g34890), and AAO3 (At2g27150) was not altered under Mo deficiency (Fig. 2) , and that of AAO4 (At1g04580) was not detected in both roots and shoots, similar to the results described previously (Ibdah et al., 2009) . Among the genes encoding Moco-containing enzymes, only those of NR1 and NR2 were increased in response to Mo deficiency (Fig. 2) . Expression patterns of other genes encoding Mocorelated enzymes in shoots are also shown in Fig. 2 . CNX1 (At5g20990), CNX2 (At2g31955), CNX3 (At1g01290), CNX5 (At5g55130), CNX6 (At2g43760), and CNX7 (At4g10100) are enzymes involved in Moco-biosynthesis. ABA3 (At1g16540) is a Moco sulphurase, and MOT2 (At1g80310) is a putative Mo transporter. The expression of CNX2, CNX5, CNX6, ABA3, and MOT2 was slightly induced by Mo deficiency in mot1-1 shoots (P <0.05, Student's t test) (Fig. 2) . The expression of MOT1 was not altered in response to Mo deficiency in roots (Fig. 2) . Gene expression of NR1 was increased by 40-fold in mot1-1 shoots and increased even in WT shoots by 1.7-fold under Mo deficiency (P <0.05, Student's t test) (Fig. 2) .
Together with the increased accumulation of the transcripts of NR1 and NR2, that of nitrite reductase NiR (At2g15620) was also increased in mot1-1 shoots, by approximately 3-fold under -Mo, and that of the sulphite reductase SiR (At5g04590) was also significantly increased by 1.7-fold (Fig. 2) . Genes encoding adenosine 5'-phosphosulphate reductase, APR1 (At4g04610), and APR3 (At4g21990), were also induced more than 2-fold in mot1-1 shoots under Mo deficiency ( Table 2 ). The induction of APR and SiR under Mo deficiency suggested the enhancement of the reductive sulphate assimilation pathway in the plastid.
Transcript accumulation of the Moco-binding proteins, MoBP1 to MoBP8 (Kruse et al., 2010) was also examined, and only some of them (MoBP1, 2, 4, and 7) exhibited significant detection ('Present') in shoots, and only MoBP4 (At4g35190) showed a significant decrease in the transcript accumulation levels under Mo deficiency in mot1-1 (see Supplementary Table S2 at JXB online; Fig. 2 ). In roots, there were significant detections except for MoBP3 (At2g37210), but no significant difference was observed among the samples.
Other putative Moco-binding proteins were also examined. A putative 3'-phosphoadenosine-5'-phosphosulphate (PAPS) reductase-like protein (At5g03430) was annotated as a probable Moco-binding protein in the database (http:// www.arabidopsis.org/) and may be involved in sulphate metabolisms. The expression of At5g03430 was slightly decreased in mot1-1 shoots under Mo deficiency (Fig. 2) . Two ABA3-like proteins, At1g30910 and At5g44720, were also annotated as probable Moco-binding proteins, and only the expression of At1g30910 was depressed in mot1-1 shoots under Mo deficiency (Fig. 2) .
Targeted analysis of metabolite changes in response to Mo deficiency
Inorganic anion concentrations were determined in leaves (Table 3 ). The accumulation of nitrate increased by 1.4-fold, and that of phosphate increased by 1.1-fold in mot1-1 (P <0.05, Student's t test) under ÀMo conditions compared with +Mo conditions, whereas that of sulphate decreased by 0.8-fold in mot1-1 (Table 3 ). In the WT, accumulation of phosphate increased by 1.1-fold, and that of sulphate and nitrate was not altered (Table 3) . Under +Mo conditions, 
Induced Shoot 187 (Table 2) 4 (1/187) ( Table 2) 123 (86/187) (Table S1 ) 4 (0/123) (Table S1) Root 9 (Table 2) 4 (0/9) ( Table 2) 2 (0/9) (Table S1 ) 11 (0/2) (Table S1 ) Depressed Shoot 203 (Table S2) 4 (4/203) (Table S2) 129 (84/203) (Table S3 ) 2 (0/129) (Table S3 ) Root 96 (Table S2) 2 (1/96) (Table S2) 63 (41/96) (Table S3 ) 0 (0/63) (Table S3 ) Table 2 . Genes induced by Mo deficiency in mot1-1 or WT in shoots and roots Genes differentially expressed by more than 2-fold (n¼3, P <0.05, Student's t test) with significant detections using Affymetrix ATH1 microarrays are listed. no significant difference was observed between WT and mot1-1 in these anion concentrations (Table 3) . The free amino acid concentrations were then measured in shoots (Table 4 ). The accumulation of most of the amino acids such as His, Arg, Asn, Gln, Gly, Asp, Glu, Thr, Ala, Pro, Tyr, Val, Lys, Ile, Leu, Phe, and Trp was significantly decreased under ÀMo conditions in mot1-1, while the accumulation of homoserine and cystine was increased, and that of O-acetylserine (OAS), Met, and Ser was not significantly altered (Table 4) .
Arg, Gln, Gly, Thr, Tyr, Leu, and Trp were among the most decreased amino acids in mot1-1. Accumulation of Asp and Ile was decreased in mot1-1 compared with the WT under +Mo conditions (Table 4) , and they are involved in the Met and Thr biosynthesis pathway from Asp, with a branch point at O-phosphohomoserine (OPH) synthesized from homoserine. In WT, the accumulation of Arg was decreased significantly by Mo deficiency (Table 4 ). These results indicate that Mo deficiency affects amino acid metabolism involved in nitrogen and sulphur assimilation.
Non-targeted analysis of metabolite changes in response to Mo deficiency
The metabolic profiles of these plants were analysed further by non-targeted analysis. Using GC-TOF/MS, 200 metabolite peaks and their mass spectra were detected. Among them, more than 80 peaks were annotated as known metabolites such as amino acids, organic acids, and sugars (see Supplementary Table S4 at JXB online).
Using the OPLS-DA method, the four groups were clearly separated (Fig. 3A) , and the metabolites contributing to the separation among the Mo-deficient plants and control plants were identified in the direction of PC1 (see Supplementary Table S5 at JXB online). Among the metabolites contributing to the separation were Gln, c-aminobutyric acid (GABA), salicylic acid, Gly, fumarate, Phe, 2-oxoglutarate (these are decreased in mot1-1 under ÀMo), D-arabinose, glycerate, myo-inositol, fructose-6-phosphate, sucrose, xanthine, and cystine (these are increased in mot1-1 under ÀMo) (see Supplementary Table S5 at JXB online). The decrease in amino acids and the increase in sugars and sugar phosphates suggest an increase in the carbon/nitrogen ratio in the Mo-deficient plants.
The fold changes of the metabolite accumulation levels are shown in Fig. 3B . The accumulation of xanthine was significantly increased in mot1-1 under ÀMo conditions by more than 20-fold, and that of urea was decreased (see Supplementary Table S4 at JXB online). Furthermore, the peaks of hypoxanthine and urate were detected using CE-TOF/MS, and their accumulation in mot1-1 under ÀMo conditions was less than 50% of that in mot1-1 under +Mo conditions (see Supplementary Table S4 at JXB online). These results suggest the alteration of purine metabolism in mot1-1 under ÀMo conditions, probably as a result of the decrease in the XDH activity.
Discussion
The nitrate/sulphate assimilation and Moco biosynthesis pathways affected by Mo deficiency are summarized in Fig. 4 . The symptoms of Mo deficiency are known to be similar to nitrogen deficiency (Gupta, 1997) , as the nitrate assimilation activity is inhibited by the shortage of Moco. Transcript accumulations of NiR, NR1, and NR2 were significantly increased in mot1-1 under Mo deficiency (Fig. 2) . The genes encoding Moco biosynthesis enzymes were not much induced in both WT and mot1-1 under Mo deficiency (Figs 2, 4) .
Nitrate treatment rapidly induces NR and NiR gene expressions (Wang et al., 2000 (Wang et al., , 2003 , and nitrate limitation decreases expression of those genes (Bi et al., 2007) . In our experiments, transcripts of the NR1 gene increased by 40-fold and 1.7-fold in mot1-1 and WT, respectively, in response to Mo deficiency ( Fig. 2; Table 2 ). However, nitrate concentrations were increased by 1.4-fold in mot1-1 and were not increased in WT ( Table 3 ). Considering that our media contained 7 mM nitrate, these results suggest that the induction of NR1 is likely to be regulated by Mo deficiency rather than by nitrate. Light and sucrose also induce NR transcripts (Cheng et al., 1992) . In mot1-1, sucrose levels were increased in shoots ( Fig. 3 ; see Supplementary Table S4 at JXB online). However, it remains possible that the induction of NR and NiR is a plant response to compensate for the decrease in nitrate assimilation activity by Mo or Moco shortage. To maintain the nitrate assimilation activity and the amino acid accumulations under Mo deficiency, plants may regulate these genes' expressions and enzyme activities. However, the molecular mechanisms of the regulations for nitrate assimilation pathway under Mo deficiency remain to be explained.
Glutathione (GSH) is a major antioxidant in cells and it was detected using CE-TOF/MS. GSH accumulations were significantly increased by 4-fold in mot1-1 under ÀMo conditions, along with the increase in cystine (see Supplementary Table S4 at JXB online). In general, under sulphur limitation, the accumulation of sulphur-containing compounds such as Cys and GSH is decreased and the sulphate assimilation pathway is activated along with the increase in OAS accumulation (Saito, 2004) . However, levels of Cys and GSH were increased and genes involved in the sulphate assimilation pathway such as APR and SiR were induced in mot1-1 under ÀMo conditions (Tables 3, 4; Fig. 4 ; see Supplementary Table S4 at JXB online). Thus, Mo deficiency affects sulphur metabolisms in a manner different from sulphate limitation. The reduction of NR and SO activities by the shortage of Moco may be contributing to the enhancement of the sulphur assimilation pathway, increasing the expression of SiR and the accumulation of cystine or GSH (Fig. 4) . Also, a putative PAPS reductase (At5g03430), a probable Moco-binding protein (Fig. 2) may have some role in sulphate metabolism in plants.
On the other hand, phosphate accumulation was significantly increased by 1.1-fold by Mo deficiency (Table 3) , indicating the effect of Mo deficiency on phosphate metabolism. Induction of PHO1;H1 expression in roots Fig. 2 . Accumulations of transcripts for genes encoding for Moco related-enzymes, Moco binding proteins, and enzymes involved in the nitrate/sulphate assimilation pathways in WT and mot1-1 in response to Mo conditions. Each bar represents mean 6SD (n¼3) of signal values of three ATH1 microarray experiments which represents the relative levels of transcript accumulations. MOT1 (At2g25680) is a Mo transporter and only the results of the expression of this gene in roots are shown. To clarify this, 'R' was added to MOT1 to represent that these are the data from root tissues. For all the other genes, data for the shoot tissues are shown. NR1 (At1g77760), NR2 (At1g37130), SO (At3g01910), XDH1 (At4g34890), XDH2 (At4g34900), AAO1 (At5g20960), AAO2 (At4g34890), and AAO3 (At2g27150) are Moco-containing enzymes. CNX1 (At5g20990), CNX2 (At2g31955), CNX3 (At1g01290), CNX5 (At5g55130), CNX6 (At2g43760), and CNX7 (At4g10100) are Moco-biosynthesis enzymes. ABA3 (At1g16540) is a Moco sulphurase, and MOT2 (At1g80310) is a putative Mo transporter. SULTR1;2 (At1g78000) and SULR3;5 (At5g19600) are sulphate transporters. SiR (At5g04590) and NiR (At2g15620) are sulphite or nitrite reductase, respectively. MoBP1 (At2g28305), MoBP2 (At5g11950), MoBP3 (At2g37210) MoBP4 (At4g35190) and MoBP7 (At5g06300) are Moco binding proteins. PAPS reductase-like (At5g03430) and ABA3-like (At1g30910 and At5g44729) genes are putative Moco binding proteins. Mo-related genes present in the Affymetrix ATH1 GeneChip with all 'Present' calls were selected except for MoBP3. Asterisks indicate significant differences (P <0.05, Student's t test) between +Mo and ÀMo conditions in WT or mot1-1, respectively. under Mo deficiency in our study (Table 2 ) also indicates changes in phosphate metabolism under Mo deficiency. PHO1;H1 is a member of the PHO1 family and it can complement pho1, a mutant deficient in xylem loading of phosphate (Poirier et al., 1991; Stefanovic et al., 2007) . Expression of PHO1;H1 is induced by phosphate limitation (Stefanovic et al., 2007) . Phosphate deficiency enhances Mo uptake in tomato plants, indicating a common pathway of molybdate and phosphate for transport through the membranes under phosphate deficeincy (Heuwinkel et al., 1992) . Our data support the idea that a phosphate transporting system plays a role in molybdate transport.
In mot1-1, gene expression of the sulphate transporter SULTR3;5 was induced by Mo deficiency by more than 2-fold in both roots and shoots, and that of SULTR1;2 (At1g78000) was only induced in shoots, whereas that of SULTR2;1 (At5g10180) was depressed in roots by about 0.5-fold (Fig 2; Table 2 ; see Supplementary Table S3 at JXB online). SULTR1;2 is a major sulphate transporter highly expressed in roots and induced by sulphate deficiency (Shibagaki et al., 2002; Yoshimoto et al., 2002) . SULTR2;1 is a low affinity sulphate transporter induced by sulphate deficiency in roots, and SULTR3;5 has no sulphate transport activity by itself but enhances the SULTR2;1 activity in the Fig. 4 . Effects of molybdenum deficiency on nitrogen/sulphur metabolism and Moco biosynthesis in mot1-1. The pathway maps of nitrate assimilation, sulphate assimilation, Moco biosynthesis, and the related pathways are shown according to the transcriptome and metabolome analysis of mot1-1 in shoots in response to Mo deficiency. Substrates and products are in normal text, transcripts of enzymes are in italics, and Moco-containing enzymes are in blue text. Boxes are the ÀMo/+Mo ratios of transcript accumulation levels in mot1-1 shoots, and circles are those of metabolite accumulations as described in the colour legends. The map was generated based on the figures generated by KaPPA-View (http://kpv.kazusa.or.jp/kappa-view/) with modifications. Abbreviations used, with the numbers of the genes indicated in Fig. 4 in parentheses: NR, nitrate reductase (2); NiR, nitrite reductase (1); GS, glutamine synthetase (7); GOGAT, glutamate synthase (3); GDC, glycine decarboxylase (4); SHMT, serine hydroxymethyltransferase (7); APS, ATP sulphurylase (4); AKN, APS kinase (4); APR, APS reductase (3); SiR, sulphite reductase (1); OASTL, O-acetylserine(thiol)lyase (9); SERAT, serine acetyltransferase (4); GSH1, glutamate-cysteine lygase (1); GSH2, glutathione synthetase (1); THA, threonine aldolase (2); AGT, alanine-glyoxylate aminotransferase (3); CNX, cofactors of nitrate reductase and xanthine dehydrogenase (6); ABA3, ABA deficient 3 (1); SO, sulphite oxidase (1); XDH, xanthine dehydrogenase (2); AO, aldehyde oxidase; 2-OG, 2-oxoglutarate; OAS, O-acetylserine; APS, adenosine 5'-phosphosulphate; PAPS, 3'-phosphoadenosine-5'-phosphosulphate; OPH, O-phosphohomoserine; GTP, guanosine-5'-triphosphate; cPMP, cyclic pyranopterin monophosphate; MPT, metal-binding pterin; SAM, S-adenosylmethionine; Moco, molybdenum-cofactor. vascular tissues (Kataoka et al., 2004a) . The increased expression of the sulphate transporter genes SULTR3;5 and SULTR1;2 under Mo deficiency in the mot1-1 plants indicates the possibility of a role of those sulphate transporters in plant Mo deficiency responses. In Stylosanthes hamata, a high affinity sulphate transporter SHST1 transports molybdate (Fitzpatrick et al., 2008) . In A. thaliana, not only MOT1 but also other sulphate transporters may be involved in the uptake and translocation of Mo, and may respond to Mo deficiency.
Transcriptome analysis has revealed that Mo deficiency had impacts on the genes involved in metabolism, transport, development, stress responses, and signal transduction ( Table 2 ). The effects of Mo deficiency in plants are pleiotropic, nevertheless, global alternation of metabolic networks can be captured by integration of the transcript and metabolite profiling approaches. The direct effects of Mo deficiency and the secondary effects of metabolic changes, for example, the increase in sucrose, were indistinguishable in this study. However, the increased accumulation of NR gene transcripts seemed to be one of the Mo-deficiency-responses to compensate for the decrease in Moco in both WT and mot1-1, as NR is critical for survival. The molecular mechanisms of plant responses to Mo deficiency is not understood yet, but Mo and the Mo transporter MOT1 play important roles in maintaining primary metabolism on nitrogen, carbon, and sulphur under Mo deficiency. Further investigation of genes, metabolites, and proteins regulated by Mo is needed to understand the regulatory mechanisms of plant responses to Mo deficiency.
